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PULSED SOLAR SIMULATOR WITH IMPROVED HOMOGENEITY 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] The present application claims priority under 35 U.S.C. §1 19 of German 
Patent Application No. 103 06 150.9, filed on February 14, 2003, the disclosure of 
which is expressly incorporated by reference herein in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0002] The present invention relates to a pulsed solar simulator, and, in 
particular, a solar simulator that can be used for measuring solar cells such as 
single-junction solar cells and /multi-junction solar cells. 

2. Discussion of Background Information 

[0003] ^ Solar simulators are used to simulate natural sunlight to make it possible 
to study the effects of sunlight on certain objects to be irradiated, even under 
laboratory conditions. A special application is the study of the capacity of solar 
cells. 

[0004] Solar simulators are known, e.g., from U.S. Patent No. 4,641,227, in 
which simulation of sunlight is realized through a suitable arrangement and 
filtering of two independent radiation sources and a subsequent overlapping of the 
radiation emitted from these radiation sources. However, pulsed radiation sources 
are not used as radiation sources here. Focusing parabolic mirrors are arranged 
around these radiation sources at a distance such that the radiation sources are 
located respectively in the focus of the parabolic mirrors in order to focus the 
radiation in the direction of the target to be irradiated. 

[0005] German Patent Application No. DE 201 03 645 describes a pulsed solar 
simulator with displaceable filter, in which the spectrum of a flash lairip is 
adjusted to the spectrum of the sun by suitable displaceable filters. 
[0006] European Patent Application No. EP 1 139 016 describes a pulsed solar 
simulator in which, with the aid of flat mirror elements arranged at a distance from 
a pulsed radiation source, as a rule in parabolic form, the radiation source is 
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arranged in the focus, which ensures an improved illumination of the target to be 
irradiated. The spectrum of the beam clusters reflected by the mirror elements can 
also be suitably adjusted with the aid of filters in order to achieve an additional 
irradiation of the target in a desired wavislength range. 

[0007] However, none of these possibilities from the prior art gives an indication 
of how to achieve an improved homogeneity of the irradiation of the target to be 
irradiated. 

SUMMARY OF THE INVENTION 
[0008] The present invention provides an improved solar simulator arrangement, 
and, in particular, a solar simulator arrangement with improved homogeneity. 
[0Q09] The solar simulator according to the present invention includes a pulsed 
radiation source for generating electromagnetic radiation and at least one mirror 
element arranged in a region of the radiation source. The at least one mirror 
element reflects components of the radiation of the radiation source essentially in a 
direction of the irradiation direction of the solar simulator. In this way, the at least 
one mirror element can be arranged in particular perpendicular to the irradiation 
direction. According to the invention, the at least one mirror element is arranged 
directly adjacent to the radiation source, and is embodied or formed at least in part 
of metal. Moreover, at least a part of the ignition voltage of the pulsed radiation 
source is applied to the at least one mirror element. 

[0010] In contrast to the prior art mentioned at the outset, in the present 
invention, the mirror element is not arranged apart from the radiation source. 
Instead, the mirror element is directly adjacent to the radiation source. In 
particular, a radiation source can be used with a spectral width and/or a spectral 
intensity distribution that largely corresponds to the spectral width and/or the 
spectral intensity distribution of sunlight. 

[0011] If now, as in the case of the present invention, the mirror element is 
embodied or formed at least in part of metal, a voltage can be applied to the mirror 
element. In particular, a substructure group or a constructional sub-element of the 
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mirror element, such as, e.g., a frame, a holder or the mirror surface can be 
embodied or formed entirely or in part of metal. The applied vohage supports the 
pulsed ignition of the radiation source and thereby helps to make a homogenous 
ignition of the radiation source; In this regard, gas-fiUed tubes are generally used 
as radiation sources, and an ignition voltage is applied to these tubes via suitably 
arranged electrodes. Alternatively to an ignition voltage used specially for the 
ignition or in addition to this ignition voltage, a constant voltage can be applied to 
the ends of the gas-filled tubes. With such radiation sources, upon ignition, a 
luminous discharge is transmitted from one electrode through the tube to the other 
. electrode, which leads to an inhomogeneous radiation effect. The application of 
an additional voltage to the mirror element directly adjacent to the radiation source 
leads to a much quicker and more homogenous ignition of the radiation source. 
Thus, according to the invention, the mirror element is positioned adjacent the 
radiation source, and preferably is positioned to directly abut against the radiation 
source in order to achieve the best possible effect upon ignition and, thus, the best 
possible homogeneity. 

[0012] In addition, the mirror element reflects radiation components of the 
radiation source that are irradiated against the desired irradiation direction of the 
solar simulator. Thus, the level of effectiveness of the^ radiation source is 
increased, whereby overall less energy is required. Moreover, the radiation source 
can be operated with lower- power with the result that the maximum of the 
irradiation spectrum shifts into the infrared range. This is a desirable and 
advantageous effect, since, particularly in the infrared range, conventional solar 
simulators exhibit a radiation intensity that is too low compared to the solar 
spectrum. The homogeneity of the irradiation is also advantageously improved 
through the reflection effect of the mirror elements in the direction of the 
irradiation direction of the solar simulator. 

[0013] A first further development of the present invention provides that the at 
least one mirror element is embodied or formed in a planar manner. A very 
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homogenous illumination of the target to be irradiated can be achieved precisely in 

this manner. 

[0014] Furthermore, it can be provided that the at least one mirror element, in 
particular the mirror surface of the mirror element, features a material or a coating 
that is embodied or formed such that the reflection effect of the mirror element is 
much higher in the infrared range than in the UV range. In particular, a highly 
reflecting material or a highly reflecting coating is suitable for this which features 
a reflection effect that is greater than 60%, preferably greater than 70%, ideally 
greater than 90% in the infrared range. Thus, the resulting spectrum can also be 
influenced in the desired manner through the suitable selection of the material or 
the coating of the mirror element, namely towards an increase in intensity in the 
infrared range. In particular, it can thereby be provided that the at least one mirror 
element is made completely or partially of gold or features a coating that is made 
of gold or a gold-containing alloy. However, it can also be provided that the at 
least one mirror element features a metal layer with an oxide layer, in particular a 
light metal, e.g., aluminum. However, this metal layer can also be coated with a 
suitable coating as described above, which coating features the desired reflection 
effect. However, alternatively, the mirror element can also feature a 
semiconductor layer, e.g., silicon, with an oxide layer, in which the oxide layer 
can also be provided with, still another coating, e.g., of metal, in particular of 
aluminum. The semiconductor oxide layer can be embodied or formed in 
particular as a thermal oxide layer such as is produced in a thermal oxidation 
process. A virtually monocrystalline semiconductor oxide layer is thus obtained 
which features a very precisely defined boundary surface to the adjacent 
seniiconductor material. A metal layer can then be applied to the oxide layer, e.g., 
by vaporization. 

[0015] It has been shown that metals such as gold as well as metals with oxide 
layers, such as in particular light metals and also semiconductors with oxide 
layers, feature very good reflection properties particularly in the infrared range. 
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These materials in particular can therefore be used within the scope of the current 
invention in an advantageous manner. 

[0016] Another improvement in the homogeneity of the irradiation of the solar 
simulator can be achieved in that the radiation source is embodied or formed in a 
curved manner in its longitudinal extension. An adequate homogeneity cannot be 
achieved through a straight extension of the radiation source, as is provided, e.g., 
by European Patent AppHcation No. EP 1 139 016, the disclosure of which is 
expressly incorporated by reference herein in ifs^ entirety. It can thereby be 
provided in particular that the radiation source is embodied or formed in a ring- 
shaped or helical manner. 

[0017] The homogeneity of the irradiation can be increased even further in that 
the radiation source is surrounded by a housing that features several screen 
elements arranged one behind the other in the wall area in the irradiation direction. 
These screen elements intercept those radiation components of the radiation source 
that are not irradiated directly or chiefly in the direction of the irradiation 
direction. In addition, these screen elements can preferably be covered with a 
low-reflection coating or can be made of a low-reflection material in order to 
largely eliminate scattered radiation. 

[0018] A preferred further development of the invention provides that the 
radiation source and/or the mirror element is connected to a carrier plate of granite 
via holders. The surface of the carrier plate is thereby either snioothly polished or 
microscopically roughened in order to have a reduced reflection effect. Such a 
granite plate has proven to be an ideal carrieir plate which has a high stability, in 
particular also a high temperature stability, as well as also the necessary stability 
and insulation effect with respect to the high voltages applied via the holders and 
conducting feeds to the radiation source and/or the at least one mirror element. 
[0019] In particular, the radiation source can be embodied or formed as a xenon 
flash lamp. Furthermore, as fundamentally known from German Patent 
Application No. DE 201 03 645, the disclosure of which is expressly incorporated 
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by reference herein in its entirety, additional filter units can be provided in order to 
influence still further the spectrum of the solar simulator in the desired manner. In 
order to be able to vary still further the spectrum of the radiation striking in the 
radiation plane, it can be provided that at least .two filters are arranged in a 
displaceable manner essentially perpendicular to the irradiation direction, such that 
the filters are embodied or formed to suppress respectively either the same or 
different components of the radiation. As a total spectrum, an overlapping of the 
radiation components that have not passed through a filter, the radiation 
components that have passed through the first filter and the radiation components 
that have passed through the second filter or even further filters thus now results. 
If the filters are arranged so that they can be pushed over one another, in addition 
radiation components result that have passed through first a first filter , and then a 
second filter or even fiirther filters. 

[0020] For a special use of the solar simulator for measuring solar cells, it can be 
provided that solar cells to be measured are arranged in a radiation plane, whereby 
additional reference solar cells for comparison measurements can be arranged in 
the radiation plane. Thus, in any case, the same radiation acts on the reference 
solar cells as acts on the solar cells to be measured. The solar cells to be measured 
' can then, e.g., be embodied or formed such that at least one first solar cell layer is 
arranged over a second solar cell layer, such that the solar cell layers feature a 
different absorption behavior. Such solar cells are also known as multi-junction 
solar cells. To guarantee a clearest possible reference measurement, the reference 
solar cells are then formed by at least one first reference solar cell layer with an 
absorption behavior that corresponds to the at least one first solar cell layer and by 
at least one second reference solar cell layer adjacent to the first reference solar 
cell layer, the absorption behavior of which corresponds to the second solar cell 
layer. Further, a filter, placed upstream of the second reference solar cell layer, 
has an absorption behavior that corresponds to that of the first solar, cell layer. 
This applies analogously to possible further solar cell layers. The reference solar 
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cell layers are thus independent of one another, but they nevertheless simulate the 
conditions within the solar cell layers arranged one above the other which are to be 
measured. Of course, the arrangement can also be used to measure single-junction 
solar cells, likewise preferably with the aid of reference solar cells. 
[0021] The present invention is directed to a solar simulator that includes a 
pulsed radiation source for generating electromagnetic radiation, and at least one 
mirror element is arranged in a region of the radiation source. The at least one 
mirror element is structured and. arranged to reflect components of radiation from 
the radiation source essentially in an intended irradiation direction. Further, the at 
least one mirror element, formed at least in part of metal, is positioned adjacent to 
the radiation source and is Structured to receive at least a part of an ignition 
voltage of the pulsed radiation source. 

[0022] According to a feature of the invention, the intended irradiation direction 
corresponds to an irradiation direction of the solar simulator." 
[0023] In accordance with another feature of the present invention, the at least 
one mirror element is a planar element. 

[0024] The at least one mirror element can include a material or coating having a 
reflection effect that is much higher in an infrared range than in a UV range. 
Further, the coating may be composed of gold or gold-containing alloy, and at 
least parts of the at least one mirror element can be made of gold. 
[0025] Moreover, the at least one mirror element can include either a 
semiconductor layer with an oxide layer or a metal layer with an oxide layer. The 
semiconductor layer with an oxide layer can include silicon and the metal layer 
with an oxide layer can include a light metal. 

[0026] The radiation source may include an element having a longitudinal 
extension that is structured and arranged in a curved manner along the longitudinal 
extension. The element can be formed in a ring-shaped or helical manner. 
[0027] According to a further feature of the invention; a housing can be 
structured and arranged to surround the radiation source, and the housing may 
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include a plurality of screen elements arranged one behind the other, relative to the 
irradiation direction, in a wail area. The plurality of screens may be composed of 
a low reflection material or are coated with a low reflection material. Further, the 
plurality of screens can be structured and arranged to absorb scattered radiation. 
Still further, the plurality of screens can be movable in planes perpendicular to the 
intended irradiation direction. The plurality of screens can be movable 
independently of each other. Also, each of the plurality of screens absorb different 
radiation components, or each of the plurality of screens absorb same radiation 
components. 

[0028] In accordance with a still further feature of the invention, a carrier plate is 
included. At least one of the radiation source and the at least one mirror element 
may be connected to the carrier plate via holders. Further, the carrier plate can be 
composed of granite. 

, [0029] According to still another feature of the present invention, The at least 
one mirror can directly abut the radiation source. 

[0030] According to still another feature, the radiation source can include a 
xenon flash lamp. 

[0031] The present invention is directed to a process of operating the above- 
described solar simulator. The process includes applying a voltage to the radiation 
source that is below an ignition voltage of the radiation source, and applying an 
ignition voltage to the at least one mirror. In this manner, a pulsed discharge is 
produced in the radiation source. 

[0032] According to a feature of the invention, a voltage source applies the 
voltage to the radiation source and an ignition coil applies the ignition voltage. 
[0033] The instant invention is directed to a process of operating a solar 
simulator. The process includes applying a constant voltage to a radiation source 
that is below an ignition voltage of the radiation source, and applying an high 
voltage to the at least one mirror positioned adjacent the radiation source. In this 
manner, a pulsed discharge is. produced in the radiation source. 
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[0034] In accordance with a feature of the present invention, the at least one 
mirror can be positioned to directly abut the radiation source. 
[0035] The radiation components emitted by the radiation source can be directly 
directed or reflectively directed in an intended irradiation direction. Further^ the 
process may include reflecting more radiation components in an infrared range 
than in a UV range. 

[0036] In accordance with yet another feature of the instant invention, the 
process can fiirther include absorbing scattered radiation with filters arranged 
downstream from the radiation source, relative to the intended irradiation 
direction. The process can also include moving the filters in planes perpendicular 
to the intended irradiation direction. 

[0037] Other exemplary embodiments and advantages of the present invention 
may be ascertained by reviewing the present disclosure and the accompanying 
drawing. 

BRIEF DESCRIPTION OF THE DRAWINGS - 
[0038] The present invention is further described in the detailed description 
which follows, in reference to the noted plurality of drawings by way of non- 
hmiting examples of exemplary embodiments of the present invention, in which 
like reference numerals represent similar parts throughout the several views of the 
drawings, and wherein: 

[0039] Figure 1 illustrates a simplified view of a solar simulator; 

[0040] Figure 2 illustrates an enlarged detailed representation of the radiation 

source of the solar simulator according to the invention; 

[0041] Figure 3 diagrammatically represents a cross section through the 
radiation source depicted in Figure 2; 

[0042] Figure 4 illustrates a variant of the solar simulator depicted in Figure 1 
with additional displaceable filters; and 

[0043] Figure 5 illustrates the simplified view of the solar simulator depicted in 
Figure 1 in accordance with the features of the present invention. 
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DETAILED DESCRIPTION OF THE PRESENT INVENTION 
{0044] The particulars shown herein are by way of example and for purposes of 
illustrative discussion of the embodiments of the present invention only and are 
presented in the cause of providing- what is believed to be the .most useful and 
readily understood description of the principles and conceptual aspects of the 
. present invention. In this regard, no attempt is made to show structural details of 
the present invention in more detail than is necessary for the fundamental 
understanding of the present invention, the description taken with the drawings 
making apparent to those skilled in the art how the several forms of the present 
invention may be embodied in practice. , . 

[0045] Figure 1 shows a radiation source 1 with a mirror element 7 in the paper 
plane merely to simplify the representation. In fact, radiation source 1 and mirror 
element 7 are arranged in a plane perpendicular to the irradiation direction 10 of 
the solar simulator, i.e., perpendicular to the page, so that the mirror reflects the 
radiation in a downward direction relative to the exemplary figure, as illustrated in 
Figure 5. 

[0046] Figures I and 5 show in diagrammatic form a solar simulator according 
to the present invention, which features a radiation source 1 in the form of a xenon 
flash lamp to which one or more mirror elements 7 are directly adjacent. 
Exemplary arrangements of radiation source 1 and mirror elements 7 are depicted 
in more detail in Figures 2 and 3, such that mirror elements 7 rest directly against 
the tube bodies of xenon flash lamp 1. As the figures show, the flash lamp is 
embodied or formed in a helical manner in order to obtain the most homogenous 
possible irradiation. The number and form of mirror elements 7 can be adapted so 
that mirror elements 7 rest directly against their tube bodies and, if possible, over 
the entire longitudinal extension of flash lamp 1. This is shown by way of 
example in Figure 2 for two mirror elements 7. They can be connected to the tube 
body of flash lamp 1, in particular via corresponding holders 6, such as, e.g., 
clamping holders, such that these holders are preferably embodied or formed of 
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metal. Holders 6 should here be understood to be part of mirror elements 7. 
Mirror elements 7 are made of aluminum and feature a gold coating. However, 
mirror elements 7 can also be made completely of gold. However, it can also be 
. provided that -mirror element 7 feature a metal layer with an oxide layer, . e,g., 
aluminum. Alternatively, the mirror element can feature a semiconductor layer, 
e.g., silicon, with an oxide layer, whereby the oxide layer can also be provided 
with another coating, e.g., of aluminum. The semiconductor oxide layer can be 
embodied or formed as a thermal oxide layer as is produced in a thermal oxidation 
process. The aluminum layer can be applied to the oxide layer then by 
vaporization. The following is based on a mirror element 7 of aluminum with a 
gold coating. 

[0047] As Figure 1 further shows, a constant voltage is applied to electrodes at 
the ends of flash lamp 1, which voltage is generated by a voltage source 8. This 
voltage is designed so that it is not sufficient to ignite flash lamp 1, i.e., it therefore 
lies below the ignition voltage. Typically, while several kilovolts can be generated 
by voltage source 8, the constant voltage applied to lamp 1 is between 600 V and 
1000 V, and preferably 800 V. Furthermore, a high- voltage potential as ignition 
voltage is applied at mirror elements 7 and/or holders 6, as shown by Figures 1 
and 2. The high voltage potential applied to mirror elements 7 and/or holders 6 
can be generated, e.g., by high-voltage source 9, such as, e.g., an ignition coil and 
is typically several tens of kilovolts. For example, the high voltage applied to the 
reflectors is between 10 kV and 20kV, and preferably 15 kV. Through this 
ignition voltage, a pulsed discharge can now be produced in flash lamp 1 . The 
ignition voltage produces only an electric field in the area of the tube body of flash 
lamp 1. However, virtually no current flows, since mirror elements 7 and/or 
holders 6 are insulated by the tube body of flash lamp 1 . 

[0048]. As akeady explained, the special type of arrangement of mirror elements 
7 directly adjacent, i.e., directly resting against the tube body of flash lamp 1 
improves the homogeneity of the irradiation through the reflection effect of mirror 
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elements 7 (see Figure 2), which, through the construction of the mirror elements 
7, e.g., gold or gold coating or materials with an oxide layer as discussed above, 
advantageously takes place above all in the injfrared range. Moreover, 
homogeneity is further improved through the effect of mirror elements 7 and/or 
holders 6 as high-voltage electrodes that guarantee the homogeneity of the 
discharge in flash lamp 1 at the ignition process. 

[0049] Figure 1 furthermore shows that flash lamp 1 and mirror elements 7 are 
connected via holders 1 1 to a granite carrier plate 4. Carrier plate 4 features the 
advantages already listed at the outset. Furthermore, the arrangement of flash 
. lamp 1 and mirror elements 7 is surrounded by a housing 2 that features several 
screen elements 3 arranged one behind the other in a wall area in irradiation 
direction 10 of the solar simulator. If the housing is embodied or formed, e.g., 
cylindrically, screen elements 3 are embodied or formed as concentric rings 
arranged one after the other. Furthermore, at least screen elements 3, but ideally 
also the entire interior area of housing 2, are provided with a low-reflection ^ 
coating or are made of a low-reflection material, i.e., a material that does not 
reflect scattered radiation, but ideally largely absorbs it. It is thus achieved that 
the solar simulator largely radiates like a black body or like a cavity radiator. 
[0050] The present solar simulator can also be further developed according to 
Figure 4 in that displaceable filters 5 are arranged perpendicularly to irradiation 
direction 10, which filters can preferably also be pushed over one another as 
indicated by the dotted lines in Figure 4. Such displaceable filters are 
fundamentally known from German Patent Application No. DE 201 03 645. 
Filters 5 can suppress either the same or different components of the 
electromagnetic radiafion of flash lamp 1, as already shown at the outset. By way 
of example, filters 5 can be formed of quartz glass, e.g., Herasil, or other suitable 
material, 

[0051] It is noted that the foregoing examples have been provided merely for the 
purpose of explanation and are in no way to be construed as limiting of the present 



- 12- 



' P24666.S03 

1 

invention. While the present invention has been described with reference to an 
exemplary embodiment, it is understood that the words which have been used 
herein are words of description and illustration, rather than words of limitation. 
Changes.may.be made, within the purview of the appended claims, as presently 
stated and as amended, without departing from the scope and spirit of the present 
invention in its aspects. Although the present invention has been described herein 
with reference to particular means, materials and embodiments, the present 
invention is not intended to be limited to the particulars disclosed herein; rather, 
the present invention extends to all functionally equivalent structures, methods and 
uses, such as are within the scope of the appended claims. 
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